The key for the precise control of the position and velocity of magnetic domain walls in nanowires is a thorough understanding of the mechanisms that lead to variations in the domain wall velocity. Being independent of the driving mechanism, domain wall motion in ferromagnetic wires above the Walker breakdown[@b1] exhibits periodic changes of the domain wall spin structure (precessional motion), leading to an intrinsically oscillating domain wall velocity[@b2]. On the other hand, imperfections in the nanowire, such as edge and surface roughness, give rise to a position dependence of the domain wall energy, resulting in velocity variations because of extrinsic pinning[@b3]. Although the coherent precession and the periodic spin structure changes of magnetic domain walls above the Walker breakdown have been electrically detected[@b4], the imaging of the domain wall position and spin structure, necessary to understand the underlying physics, has been elusive. In addition, domain wall motion was shown to exhibit stochasticity because of extrinsic and intrinsic contributions to domain wall velocity variations[@b3][@b5][@b6].

As a way to overcome the extrinsic pinning, the use of the domain wall inertia has been suggested[@b7][@b8]. Magnetic domain walls exhibiting inertia and effective mass have been reported for trapped domain walls in a pinning potential[@b7][@b9][@b10][@b11][@b12][@b13][@b14], and vortex domain walls travelling several micrometres under their own inertia have been observed statically[@b15] and by transport measurements[@b8]. Furthermore, theoretical predications have been made and the first indications show that the kinetic pinning field of moving domain walls is reduced compared with the static pinning[@b16][@b17][@b18]. This indicates that moving domain walls can overcome a local pinning potential, but the detailed mechanism that leads to vortex domain wall inertia for long-distance displacement has not been determined. However, it is exactly the quantitative understanding of the intrinsic and extrinsic effects that leads to domain wall velocity variations below and above the Walker breakdown that is the key to operation of magnetic logic and sensing devices[@b19][@b20], which are based on domain wall propagation in *curved* nanowires, as the latter is so far the only application of domain walls that has made it to the market (Novotechnik, <http://www.novotechnik.com/rsm>)[@b20].

In this work, we report direct dynamic experimental visualization of the oscillating propagation of domain walls in ferromagnetic nanorings driven by rotating magnetic field bursts. The oscillations of the vortex domain wall velocity are consequences of the interplay between the rotating driving field and the periodically changing domain wall spin structure. These periodic spin structure oscillations occur below and above the Walker breakdown and present a general feature in application-relevant curved geometries[@b19][@b20].

Results
=======

Direct dynamic imaging of domain wall propagation
-------------------------------------------------

Permalloy ring structures with 2--2.5 μm radius, 500--750 nm width and 30 nm thickness (see Methods)[@b21][@b22] are, after saturation with a uniform magnetic field, in the 'onion' state, where two vortex domain walls are formed[@b23][@b24][@b25], as shown in [Fig. 1](#f1){ref-type="fig"}. When an external magnetic field **B** is applied, the Zeeman energy of the system depends on the angle *θ* between the field and the azimuthal position of the two vortex domain walls[@b26] (the domain wall position is defined by the position of the vortex core). The total energy is minimal when the domain walls align with the applied field, providing a way to control their positions. By rotating the applied field, the energy potential landscape changes dynamically, leading to circular domain wall motion along the ring structure[@b26]. The domain wall velocity can be tuned by the field rotation frequency *f* independently from the field amplitude *B*, giving an extra degree of freedom to control the domain wall propagation compared with using the conventional straight wire geometry.

The dynamic domain wall propagation was imaged with sub-30 nm spatial resolution in a stroboscopic scheme, in which a snapshot of the moving domain walls is taken every 2 ns, employing time-resolved scanning transmission X-ray microscopy at the Advanced Light Source in Berkeley, CA, USA (beamline 11.0.2)[@b27] and at the MAXYMUS endstation, Helmholtz Zentrum Berlin, BESSY II, Germany (see Methods). The domain walls are driven by counter-clockwise (CCW) rotating magnetic field burst pulses, in which the field amplitude first ramps up, pointing in the saturation direction of the onion state, followed by a complete CCW rotation of the in-plane magnetic field, and finally, the field amplitude is ramped down pointing in the original saturation direction of the onion state. These in-plane rotating magnetic field burst pulses are generated by sinusoidal current bursts injected into horizontal and vertical crossed striplines with a 90° phase shift[@b28][@b29], as shown in [Fig. 1](#f1){ref-type="fig"}. To achieve a high signal-to-noise ratio, the experiment is repeated at a repetition rate of 500 kHz and the transmission signal is recorded over \>10^9^ subsequent pulsecycles and displacements of the domain walls. This allows us to determine not only the domain wall spin structure but also the reliability and reproducibility.

Periodic domain wall spin structure oscillations
------------------------------------------------

[Figure 2a](#f2){ref-type="fig"} shows four snapshots of two vortex domain walls in motion driven by CCW magnetic field burst pulses with a rotation frequency of *f*=5 MHz and field strength of *B*=6.8 mT in a ring structure (750 nm width, *r*=2 μm mean radius). The vortex core polarity of both vortex domain walls is positive (*p*=+1), as determined from the observed CCW vortex core gyration. The vortex core trajectory of the top domain wall (with clockwise chirality) is shown by the dotted blue line. The vortex domain wall spin structure and, in particular, the radial vortex core position are periodically oscillating at a frequency that is approximately four times faster than the field rotation frequency. The full movie of a complete field rotation can be found as [Supplementary Movie 1](#S1){ref-type="supplementary-material"}.

We imaged the domain wall propagation below and above the Walker breakdown. Above the Walker breakdown, the vortex domain wall transforms into a transverse domain wall by the expulsion and renucleation of the vortex core during the periodic spin structure oscillations, which can only be observed through direct dynamic imaging. To show this directly, we measured the domain wall propagation in two different ring structures (750 nm wide and 30 nm thick) with radii of *r*=2 μm and *r*=2.5 μm, as shown in [Fig. 3a,b](#f3){ref-type="fig"}, respectively. In both cases, the field rotation frequency is 5 MHz and the field amplitude is *B*=6.8 mT. In case (**a**), the vortex core is pushed towards the outer edge of the ring, but is never expelled and the domain wall stays always a vortex wall and therefore, the domain wall propagates below the Walker breakdown. However, in case (**b**), with a larger ring radius, the vortex core is expelled at the outer edge of the ring structure and the vortex domain wall transforms into a transverse domain wall (see *t*=178 ns in [Fig. 3b](#f3){ref-type="fig"}). The vortex core then renucleates at the outer edge of the ring structure with the same vortexcore polarity. Hence, not only the vortex core polarity, but also the chirality of the vortex domain wall is conserved during the Walker transformation in curved nanowires with rotating fields, in contrast to domain wall propagation above the Walker breakdown in straight nanowires, in which both the chirality and the polarity of the annihilated and the nucleated vortex alternate periodically[@b2].

Simultaneously and with the same periodicity as the oscillation of the radial vortex core position, the domain wall velocity *v*~dw~ and the phase difference *θ* oscillate, as shown in [Fig. 4a, b](#f4){ref-type="fig"} for the two cases (**a**) and (**b**), respectively. The domain wall velocity *v*~dw~ plotted is the magnitude of the angular velocity of the vortex core multiplied by the mean radius *r* of the ring structure; *v*~dw~ is positive for CCW domain wall motion and *vice versa*. The phase difference *θ* is the angle between the field **B** and the azimuthal vortex core position, as defined in [Fig. 1](#f1){ref-type="fig"}. The average domain wall velocities are 67±2 ms^−1^ and 77±3 ms^−1^, and the maximum velocities are 126±15 ms^−1^ and 154±28 ms^−1^, respectively. Both the average and the maximum domain wall velocity are higher in case (**b**) for the ring structure with the larger radius and the resulting motion above the Walker breakdown. In [Fig. 4](#f4){ref-type="fig"}, from 0 to 50 ns the field amplitude ramps up from *B*=0--6.8 mT; here the domain wall stays in its position along the field direction. In case (**a**), the phase difference increases because the vortex core is moving quasistatically, as its equilibrium position changes with increasing field amplitude and the domain wall velocity is small and negative. On the other hand, in case (**b**), the domain wall velocity is small and positive and the phase difference is negative because the chiralities of the vortex domain walls are reversed. For both cases, between 50 ns and 250 ns the domain wall velocity and the phase difference oscillate with a period of \~50 ns, corresponding to a frequency of 20 MHz, while the driving field rotates at a constant angular velocity and amplitude. In case (**b**), the vortex domain wall transforms into a transverse domain wall at 178 ns. Here the domain wall velocity is minimal, as expected for the Walker breakdown. After renucleation of the vortex core, the domain wall then accelerates while the vortex core moves towards its equilibrium position. At 110 and 210 ns (in [Fig. 4a](#f4){ref-type="fig"}) and 120 ns (in [Fig. 4b](#f4){ref-type="fig"}), the domain wall overshoots the driving field, resulting in a negative phase difference, which is a direct signature of the domain walls travelling under their own inertia[@b8]. At 250 ns, the field rotation stops abruptly and the vortex cores start to gyrate CCW around the equilibrium position while the field is being ramped down (250--300 ns).

In straight nanowires, domain walls propagate below the Walker breakdown at a constant velocity. Only above the Walker breakdown, periodic transformations of the domain wall spin structure lead to oscillations of the domain wall velocity and these transformations significantly slow down the domain wall in average. Our observation in curved nanowires, however, shows domain wall velocity oscillations also below the Walker breakdown, even without any transformations of the domain wall spin structure from a vortex to a transverse wall. Moreover, we observe an oscillating domain wall velocity for all velocities, which means that the drastic changes at the Walker breakdown are absent in our geometry, further making it more suitable for applications where the critical behaviour at the Walker breakdown would lead to unreliable motion. This becomes particularly evident in our measurement of the domain wall velocity for various field rotation frequencies between 2.5--17.5 MHz, corresponding to average domain wall velocities of 31--220 ms^−1^, and field amplitudes of *B*=4.8 mT and *B*=6.8 mT. The ring structure is 500 nm wide, 30 nm thick and has a radius of 2 μm. In [Fig. 5a](#f5){ref-type="fig"}, the domain wall velocities are plotted as functions of the domain wall position (azimuthal coordinate). Depending on the field rotation frequency, we identify three different domain wall propagation regimes. For *f*=2.5 MHz (red), we observe pinning-dominated, but still reproducible, stop-and-go propagation of domain walls, where the domain walls become statically pinned (zero domain wall velocity) at certain positions along the ring. Between *f*=3.75 and 5 MHz (green), the domain wall velocity periodically oscillates because of the intrinsic domain wall spin-structure oscillations. Above 10 MHz (blue), we observe domain wall motion above the Walker breakdown, in which the domain wall spin structure undergoes periodic transformations into a transverse domain wall. The oscillation frequency is approximately constant for *f*=3.75--5 MHz (below the Walker breakdown) and continuously increases for higher frequencies *f*=10--17.5 MHz (above the Walker breakdown). These oscillations occur independently of the field amplitude, as shown in [Fig. 5b](#f5){ref-type="fig"} for a constant field rotation frequency of 5 MHz, and for the field amplitudes that are strong enough to depin the vortex domain walls and that are smaller than the coercive field of the permalloy ring structures[@b24]. However, we observe a small but clearly identifiable increase in the maximum domain wall velocity for the higher field amplitude.

Our observations indicate that these periodic oscillations of the vortex domain wall spin structure occur due to the curved geometries of the nanowires in combination with a rotating magnetic field and are directly correlated with oscillations of the domain wall velocity. We see that for vortex domain walls, these oscillations can occur even without transformation into a transverse domain wall and thus below the Walker breakdown. Further, for faster field rotation we observe domain wall motion above the Walker breakdown and this also leads to an oscillatory wall velocity directly confirming previous predictions[@b2]. Thus the oscillations of the domain wall velocity occur below *and* above the Walker breakdown and present a general feature in application-relevant curved geometries[@b19][@b20].

Intrinsic and extrinsic domain wall velocity variations
-------------------------------------------------------

For sufficiently slow field-rotation frequencies, as shown in [Fig. 5a](#f5){ref-type="fig"} for 2.5 MHz (red), we observe pinning-dominated domain wall propagation because of extrinsic effects, such as defects and imperfections in the nanowire. These are expected to give rise to a spatially varying energy landscape for domain walls[@b3], and the interaction of the moving domain walls with the local pinning potential is expected to result in velocity variations due to extrinsic pinning. In particular, it has been predicted that these variations depend on the wall velocity (kinetic pinning[@b17]).

To test this theory and to directly identify the extrinsic velocity variations at low wall velocities because of the local pinning potential landscape, we recorded the domain wall velocity for a complete field rotation with different start angles of 0° (blue), 45° (red) and 90° (green), as shown in [Fig. 6](#f6){ref-type="fig"}. The field rotation frequencies are 7 MHz and 15 MHz, the field amplitude is *B*=6.8 mT and the ring structure is 500 nm wide and has a radius of 2.5 μm. For *f*=7 MHz (see [Fig. 6a](#f6){ref-type="fig"}), we observe pinning-dominated domain wall propagation at an average domain wall velocity of 110 ms^−1^. The domain wall velocities are plotted as functions of the domain wall azimuthal coordinate. We observe two static pinning events at approximately 0.75πrad and 1.75π rad, at which the domain wall velocity drops close to zero. On the other hand, for *f*=15 MHz the domain wall velocity oscillates because of the intrinsic periodic domain wall spin structure changes, and there is no indication of extrinsic pinning, see [Fig. 6b](#f6){ref-type="fig"}. This allows us to directly confirm the theory predictions of static and kinetic pinning. Moreover, by direct imaging of the domain propagation, we also directly probe the interplay between moving domain walls and the local pinning potential, revealing intrinsic and extrinsic domain wall velocity variations. Note that the field-rotation frequency that separates the pinning-dominated domain wall propagation regime from freely oscillating domain wall motion strongly depends on the depth of the pinning potential landscape due to defects and imperfections in the nanowire, and hence, on the sample under investigation.

In contrast to recent studies[@b3][@b5][@b6], where limited control of the domain wall propagation due to stochasticity (which we also observe for slow domain walls) arising from the pinning potential landscape has been reported, we can here obtain very reliable domain wall propagation at faster field rotation frequencies that is fully reproducible billons of times. This control of the domain wall propagation is achieved by tailoring the driving field pulses to take advantage of the intrinsic wall spin-structure oscillations by driving the wall fast enough to overcome extrinsic pinning and by driving the system at timescales that are much shorter than thermally activated domain wall motion[@b30].

Discussion
==========

Our surprising observation of oscillatory domain wall spin-structure changes during propagation below the Walker breakdown has not been previously observed and has not even been predicted. We explain the underlying mechanisms of this behaviour by considering the forces that act on the vortex domain wall spin structure, as schematically illustrated in [Fig. 2b](#f2){ref-type="fig"}. The tangential field component *B*~t~=*B*sin*θ* acts both as an azimuthal driving force for the domain wall motion (not shown) and as a radial force **F**~t~ on the vortex core[@b2]:

where *M*~S~ is the saturation magnetization, *c* is the chirality of the vortex domain wall and *L*, *R*~V~ are the thickness and radius of the vortex structure, respectively. In addition, the gyroforce **G** × **v**, with the gyrovector **G**[@b31][@b32], points parallel to **F**~t~ for *p*=+1 and CCW rotating magnetic fields. Finally, a third force that acts on the vortex core is the restoring force from the parabolic potential energy due to the shape anisotropy of the ring structure, which only depends on the radial vortex core position. The interplay between the domain wall spin structure and these forces leads to oscillating domain wall propagation below the Walker breakdown, as shown in [Figs 2a,b](#f2){ref-type="fig"} and [4a](#f4){ref-type="fig"}: At *t*=96ns, the gyroforce reaches the maximum at the highest domain wall velocity, pushing the vortex core towards the outer edge of the ring, while the force **F**~t~ decreases with the shrinking angle *θ*, because the domain wall is moving faster than the driving field. At *t*=112ns, the domain wall has overtaken the rotating field and therefore the driving force decelerates the domain wall. The force **F**~t~ points towards the ring center and the gyroforce is decreasing, such that the vortex core moves towards the center of the nanowire. At *t*=128 ns, the domain wall velocity is lowest and is smaller than the angular velocity of the rotating magnetic field, hence the force **F**~t~ increases, pushing the vortex core towards the outer edge of the nanowire. When the phase difference is largest between *t*=128--144ns, both the driving force and **F**~t~ are maximal. Hence the domain wall is accelerating and the gyroforce increases, pushing the vortex core toward the outer edge of the nanowire. It is this interaction of the vortex domain wall spin structure with the rotating magnetic field that leads to intrinsically oscillating domain wall propagation in curved nanowires.

Such an interaction between the radial vortex core displacement and the domain wall velocity is not present in the analytical description of the one-dimensional model (1D)[@b2][@b33], showing that the oscillating domain wall propagation in curved wires below and above the Walker breakdown goes beyond the simple 1D framework (for details, see [Supplementary Note 1](#S1){ref-type="supplementary-material"}). This further highlights that in our case the walls cannot be described by point-like quasiparticles as in this simple model, but rather the full micromagnetic spin structure needs to be taken into account to explain the complex behaviour. To understand the reasons for the changes in the domain wall spin structure that go beyond the simple 1D framework quantitatively, we performed micromagnetic simulations[@b34] (see Methods). The ring structure simulated is 750 nm wide, 30 nm thick and has a radius of 2 μm, and the field rotation frequency is *f*=10 MHz and the field strength used is *B*=5 mT. The results are shown in [Fig. 7a](#f7){ref-type="fig"} and are found to be in good qualitative agreement with the experimental results. The timescale is faster because of the higher field rotation frequency to shorten the simulation time and to reduce edge roughness effects due to cell discretization. The oscillations of the domain wall velocity and the evolution of the phase difference are well reproduced in the simulations and coincide with changes in the vortex domain wall spin structure, with the radial oscillating vortex core position. As expected, the phase difference *θ* is larger for 10 MHz field rotation frequency in the simulations compared with the experiment.

To reveal the underlying energetics, the correlation of the normalized magnetostatic energy density and the radial vortex core position is shown in [Fig. 7b](#f7){ref-type="fig"}. The normalized magnetostatic energy density oscillates with the relative vortex core displacement, because the magnetostatic energy of the domain wall can be described by a parabolic potential (see [Supplementary Note 2](#S1){ref-type="supplementary-material"}). It is the gyroforce **G** × **v** and the force **F**~t~∝sin*θ* that push the vortex core radially and increase the potential energy. Both the gyroforce and **F**~t~ are, on average, proportional to the field rotation frequency because both the *v*~dw~ and *θ* depend linearly on *f* (below the Walker breakdown). Therefore, the maximum amplitude of the magnetostatic energy oscillations is higher for faster field-rotation frequencies. To show this, the oscillation amplitude *E*~amp~ and the energy maximum *E*~max~ of the magnetostatic energy (as defined in [Fig. 7b](#f7){ref-type="fig"}) are plotted for various field-rotation frequencies between 5 and 10 MHz. As expected, *E*~amp~ and *E*~max~ increase approximately linearly. The magnetostatic energy is the main contribution to the internal domain wall energy of the vortex domain wall because the anisotropy energy is zero and the exchange energy concentrated in the vortex core is small and constant. Therefore, the internal domain wall energy periodically oscillates and the maximum scales linearly with the field rotation frequency and hence with the vortex domain wall velocity.

We conclude that the magnetostatic energy can act as an energy reservoir, leading to domain wall inertia and that the stored energy allows the domain wall to overcome a local pinning potential. To complete the picture, we estimate the depinning energy *E*~pin~ by the Zeeman energy density associated with the static depinning field, which is the field necessary to depin a statically pinned domain wall. As we observe reproducible pinning-dominated stop-and-go propagation of domain walls at 2.5 MHz field rotation frequency (see [Fig. 5a](#f5){ref-type="fig"}), we can approximate the depinning field with the highest tangential field *B*~t,max~=*B*sin*θ*~max~ when the phase difference between the rotating field and the domain walls is largest. The Zeeman energy density of the remanent domain wall configuration, at an angle of *θ*~max~ with an external magnetic field of *B*=6.8 mT, gives our estimate for the depinning energy density *E*~pin~=122±19 J m^−3^, as indicated in [Figure 7c](#f7){ref-type="fig"} by the horizontal red bar. In the micromagnetic simulations the amplitude of the magnetostatic oscillations *E*~amp~ is higher than the depinning energy density *E*~pin~ for field rotation frequencies above 7 MHz, providing a quantitative estimate of the domain wall velocity separating the extrinsic pinning-dominated domain wall propagation regime and the freely and intrinsically oscillating domain wall propagation regime below and above the Walker breakdown.

In conclusion, we have directly imaged oscillating vortex domain wall propagation below and above the Walker breakdown in curved nanowires driven by rotating magnetic fields. These oscillations of the vortex domain wall velocity are consequences of the interplay between the rotating driving field and the periodically changing domain wall spin structure. The relevant forces are proportional to the field rotation frequency and therefore the magnetostatic energy potential scales with the domain wall velocity, making fast domain walls less susceptible to pinning. This explains our observations of pinning of domain walls at defects at low wall velocities, whereas at high velocities the walls can overcome pinning. This pump and probe experiment demonstrates precise control of the domain wall position at high domain wall velocity, enabling a reliable and reproducible high-speed domain wall manipulation in magnetic logic and sensing devices.

Methods
=======

Experiment
----------

The permalloy Ni~80~Fe~20~(30 nm)/Au(2 nm) ring structures were fabricated on top of a 100 nm thick silicon nitride membrane, and Cr(4 nm)/Cu(150 nm) striplines are fabricated on top of the ring structures. All structures were prepared by electron-beam lithography and lift-off processing. The permalloy was deposited by molecular beam evaporation in UHV and the copper was thermally evaporated. The in-plane rotating magnetic fields were generated using sinusoidal current burst pulses, injected with a 90° phase shift in orthogonal striplines[@b29], see inset [Fig. 1](#f1){ref-type="fig"}. The field is homogeneous in the centre of the striplines and the error of the field amplitude is less than ±10% within the area occupied by the ring structures. The in-plane component of the magnetization was imaged using time-resolved scanning transmission X-ray microscopy, where the sample is tilted by 60° with respect to the X-ray beam and by taking advantage of the X-ray magnetic circular dichroism[@b35]. The data are recorded at the Ni L~3~ absorbtion edge (852.7 eV). The lateral resolution is ≈30 nm and the temporal resolution is dominated by the jitter of the electronics ≈250 ps. The repetition rate of the stroboscopic experiment is between 425 and 832 kHz and the transmission signal is recorded over \>10^9^ subsequent pulsecycles. Snapshots of the dynamic magnetic contrast are then taken with a Δ*t*=2 ns time interval. The vortex core positions ***r***~*n*~ are determined for each image from the black--white contrast manually. The instantaneous domain wall velocity is then calculated by applying a moving average filter

and the error is the standard deviation of the differences between the filtered and non-filtered velocities

Micromagnetic simulations
-------------------------

The micromagnetic simulations were carried out with the object-oriented micromagnetic framework[@b34]. The 750 nm wide and 30 nm thick ring structure with 2 μm diameter was simulated with a cell size of 5 × 5 × 30 nm^3^, assuming typical material parameters for permalloy[@b36]: *M*~S~=800 kA m^−1^, exchange stiffness *A*=13 × 10^12^ J m^−1^, damping parameter *α*=0.008 and anisotropy constant *K*~1~=0. The configuration of the vortex domain walls (*p*=+1, *c*=±1) and the CCW sense of rotation of the rotating magnetic field burst pulses are chosen as in the experiment; the field rotation frequency is *f*=5--10 MHz. The position of the vortex core was determined by fitting a Gaussian through the *M*~*z*~ component of the magnetization.
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###### Supplementary Movie 1

Time-resolved movie of oscillating domain wall propagation. A series of time resolved scanning transmission X-ray microscopy snapshots with 2 ns time resolution of moving domain walls during a 5 MHz rotational field burst pulse is shown. Black (white) contrast indicates the magnetization pointing to the left (right). The direction and the strength of the rotating magnetic field is indicated by the green arrow and the vortex positions are indicated by the red dots.
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![Experimental configuration.\
A scanning electron micrograph of a *w*=500 nm wide and 30 nm thick permalloy ring with radius *r*=2 μm covered by a 150nm thick copper-crossed stripline overlayed with a scanning transmission X-ray microscopy (STXM) image showing the in-plane magnetic contrast. The scale bar indicates a distance of 2 μm. After saturation, the ring is in the onion state where two vortex domain walls are formed, as illustrated by a micromagnetic simulation shown in the inset in the bottom right. The angle *θ* between the position of the domain walls and the applied field direction is indicated. The rotating magnetic field is generated by sinusoidal current bursts with a 90° phase shift injected in the horizontal and vertical crossed stripline.](ncomms3328-f1){#f1}

![Direct imaging of periodic spin structure oscillations.\
(**a**) Time-resolved STXM snapshots of moving domain walls at *t*=96, 122, 128 and 144 ns during a 5MHz rotational field burst pulse are shown. The vortex core polarity and position (red) and the rotating field direction (green) are indicated by arrows. The dotted line (blue) shows the vortexcore trajectory of the vortex domain wall with clockwise chirality (*c*=−1). The rotating field pulse burst and the domain wall motion starts and stops at 135°, indicated by the the black arrows. (**b**) Schematic illustration of the relevant forces that act on the vortex domain wall spin-structure during propagation, corresponding to the images on top. The gyroforce **G** × **v** (red) and the force **F**~t~ (blue) from the tangential field component **B**~t~ are both acting radially on the vortex core.](ncomms3328-f2){#f2}

![Domain wall transformation above the Walker breakdown.\
A series of time-resolved STXM snapshots at times *t*=150, 164, 178, 186 and 200 ns during a 5 MHz rotational field burst pulse with an amplitude of *B*=6.8 mT. The rings are 750 nm wide, 30 nm thick and have a radius of (**a**) *r*=2 μm and (**b**) *r*=2.5 μm. The scale bar indicates a distance of 1 μm. (**a**) Between *t*=164 and 186 ns, the vortex core with positive polarity *p*=+1 is pushed towards the outer edge of the ring structure. However, no domain wall transformation to the transverse wall spin structure occurs, and therefore, the domain wall propagates below the Walker breakdown. (**b**) At the same field-rotation frequency, but in a ring structure with larger radius, the vortex core is expelled at *t*=178 ns, such that the vortex domain wall transforms into a transverse domain wall. The vortex core then renucleates within 8 ns at the outer edge of the ring with positive vortex core polarity.](ncomms3328-f3){#f3}

![Oscillating domain wall velocity and phase difference.\
The domain wall velocity *v*~dw~ (red circles) and the phase difference *θ* (blue circles) are plotted as a function of time, observed (**a**) below the Walker breakdown and (**b**) above the Walker breakdown. The experimental error *δv*~dw~ is indicated by the red shade and the error of the phase difference is *δθ*=±2°. The amplitude *B* of the rotating magnetic field is indicated by the saturation of the background color. The phase difference is negative when the domain wall overshoots the rotating driving field, indicated by the circles in cyan. (**a**) The vertical lines (grey) indicate the points in time when the STXM snapshots in [Fig. 2a](#f2){ref-type="fig"} were taken. (**b**) The vertical line (grey) shows the point in time when the vortex domain wall transforms into a transverse domain wall above the Walker breakdown, shown in [Fig. 3b](#f3){ref-type="fig"}.](ncomms3328-f4){#f4}

![Oscillating domain wall velocity below and above the Walker breakdown.\
The domain wall velocity is plotted as a function of the domain wall position (**a**) for various field rotation frequencies of *f*=2.5--17.5 MHz and constant field amplitude *B*=6.8 mT, and (**b**) field amplides *B*=4.8 mT (black circles) and *B*=6.8 mT (green circles) and constant field rotation frequency *f*=5 MHz. The error of the domain wall velocities scales linearly with the field rotation frequency, from *δv*~dw~=±17 m s^−1^ at 2.5 MHz up to *δv*~dw~=±60 m s^−1^ at 17.5 MHz. (**a**) Pinning-dominated domain wall propagation (red), domain wall motion below (green) and above (blue) the Walker breakdown are indicated by the color. (**b**) The maximum domain wall velocity increases by a small but clearly visible amount for the higher field amplitude.](ncomms3328-f5){#f5}

![Intrinsic and extrinsic domain wall velocity variations.\
The domain wall velocity is plotted as a function of the domain wall azimuthal coordinate, recorded for a full field rotation at (**a**) *f*=7 MHz and (**b**) *f*=15 MHz, with different start and stop angles 0° (blue circles), 45° (red circles) and 90° (green circles), and constant field amplitude of *B*=6.8 mT. (**a**) We observed two static pinning events coinciding in all three velocity curves at around 0.75π rad and 1.75π rad. Furthermore, between π rad and 3π2 rad the domain wall velocities are strongly influenced by the local pinning potential landscape at non zero velocity (pinning dominated domain wall motion). The error of the domain wall velocity is *δv*~dw~=±25 m s^−1^. (**b**) The domain wall velocity oscillates and no indication of extrinsic pinning can be observed. The error of the domain wall velocity is *δv*~dw~=±52 m s^−1^.](ncomms3328-f6){#f6}

![Enhanced magnetostatic domain wall energy.\
(**a**) Domain wall velocity *v*~dw~ (red circles) and the phase difference *θ* (blue circles) are plotted as functions of time, as obtained from micromagnetic simulations. The field rotation frequency is 10 MHz and the field amplitude is *B*=5 mT. The field amplitude of the rotating magnetic field is indicated by the saturation of the background color. (**b**) The normalized magnetostatic energy density (green circles) and the relative vortex core displacement (magenta line) plotted as functions of time. The magnetostatic energy is normalized to the energy of the remanent magnetization configuration, and the relative vortex core displacement corresponds to the distance from centre to the outer ring edge normalized to the ring width. (**c**) The maximum *E*~max~ (black diamonds) and the amplitude *E*~amp~ (blue diamonds) of the normalized magnetostatic energy density are plotted as functions of the field rotation frequency. The dotted lines show the linear interpolation of *E*~max~ and *E*~amp~, respectively. The experimentally measured average Zeeman depinning energy *E*~pin~=122±19 J m^−3^ is indicated by the horizontal red bar.](ncomms3328-f7){#f7}
